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Eukaryotic cells are thought to move across supporting
surfaces through a combination of coordinated pro-
cesses: polarisation; extension of dynamic protrusions
from a leading edge; adhesion-associated stabilisation of
some protrusions; centripetal pulling against those lead-
ing adhesions; and de-adhesion at the rear. Gradients of
extracellular ligands can be detected by cells and then
used to guide them either towards the source (in the
case of a chemoattractant) or away from the source (in
the case of a chemorepellent) — such migration is termed
chemotaxis. Recent work suggests that chemotaxis prob-
ably emerges from the ability of cells to spatially encode
extracellular gradients of ligands, a process for which
phosphoinositide 30-kinase (PI3K) signals alone are insuffi-
cient, and to use that vectorial information to bias move-
ment by enhancing the survival, and not the formation, of
the protrusions that experience the greatest stimulation.
Introduction
Anybody who has watched the now famous movie, made by
the late David Rogers in the 1950s, of a neutrophil ‘chasing’
its bacterial prey amongst red blood cells cannot fail to have
been impressed by the ruthless efficiency of the predator
despite its apparent ‘senseless’ simplicity. It is argued that
the hunt was underpinned by the ability of the neutrophil to
chemotax up gradients of formylated peptides released by
the bacteria. As our general appreciation of the nature and
detail of intracellular signalling has increased in the following
decades, the particular properties of the signalling networks
activated during chemotaxis have come under close scrutiny
with the aim of identifying both the signals that coordinate
the underlying movement as well as the compass mecha-
nism that gives it a sense of direction. As always, progress
has been made in unforeseen fits and starts. The emergence
of high-resolution imaging of fluorescently tagged proteins
combined with a leap in our understanding of phosphoinosi-
tide 30-kinase (PI3K) signalling delivered a portfolio of results
between 2000 and 2004 that seemed to provide a simple,
intellectually pleasing and generalised explanation of the
compass mechanism. Extracellular gradients of chemoat-
tractants were translated into intracellular gradients of
PI3K activation and the part of the cell privileged by intense
PI3K signalling organised and pushed forward a so-called
‘leading edge’. Some aspects of this model have subse-
quently been further validated whilst others have been ad-
justed in the light of further data. In addition, recent studies
have implicated new signalling mechanisms in the compass
mechanism. In parallel there have been important new con-
ceptual advances in our understanding of the molecular
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(P.H.)machines that drive cell movement and the levels at which
chemotaxis influences that process.
This review will not attempt to consider the whole field of
chemotaxis but aims to put into context some recent ad-
vances in our understanding of cell movement and chemo-
taxis, concentrating particularly on two widely used model
cell types that can exhibit very efficient chemotactic re-
sponses — mammalian neutrophils [1] and Dictyostelium
amoebae [2]. These two model cell types undergo chemo-
taxis in very different circumstances. Mammalian neutrophils
are normally found in the blood and are programmed to exit
the circulation and chemotax towards epicentres of inflam-
mation, guided by gradients of a variety of inflammatory me-
diators. In contrast, when starved, Dictyostelium amoebae
begin to release cyclic AMP (cAMP) to which other cells re-
spond, both chemotactically and by releasing more cAMP,
via a process termed signal relay.
Morphological Polarisation of Moving Cells
Both neutrophils and Dictyostelium amoebae become polar-
ised morphologically during chemotaxis. Their cell fronts are
constantly protruding and retracting motile, membraneous
structures and are consistently, but not perfectly, orientated
in the direction of chemotaxis. The frontal structure, in its en-
tirety, is commonly termed a pseudopod. The motile mem-
brane sheets are sometimes called lamellipodia, by analogy
with similar-looking structures on a variety of adherent cells,
although this terminology glosses over some significant dif-
ferences. Immediately behind the leading edge is a dense
crescent of polymerised F-actin and then towards the cell
body, in neutrophils at least, a pronounced density of recy-
cling endosomes [3]. The rear of the cells is termed a uropod
and often shows evidence of fine, trailing appendages that
are apparently slow to detach. Two factors suggest that
this structural front–rear polarisation is required for efficient,
rapid movement (both cell types can attain speeds of 10–
12 mm/min) but not chemotaxis per se: firstly, uniformly stim-
ulated, randomly migrating cells display the same morphol-
ogy; and, secondly, poorly polarised cells move more slowly
but can chemotax with normal efficiency (for example, [4]).
Cellular Origins of the Forces Driving Movement
Concepts Emerging from Work with Cultured Cell Lines
The most influential force in moving cells is widely consid-
ered to be the creation of protrusions from the leading edge
driven by the outward extension of actin filaments [5–8].
Recent work with cultured cell lines suggests that the ac-
tin-filament networks that support this protrusive activity
are far more complex than previously envisaged and are
composed of two distinct regions [9]. A peripheral network
is manifest as a rapidly moving, morphologically dynamic,
cycling structure that is largely unconnected to the substrate
and poorly coupled to the actin networks within the body
of the cell: in cultured cell lines, this can be accurately de-
fined as the lamellipodium. Counterintuitively, this peripheral
network does not seem to be important in driving protrusive
advancement of the leading edge, which is instead mediated
by the deeper actin network, termed the lamella in cultured
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ated, via a clutch-like series of contacts [10], with substrate–
adhesion complexes at the cell surface (in cultured cell lines,
these complexes are primarily focal adhesions). The primary
force for advancement emerges from the addition of actin
monomers to appropriately orientated filaments that are
mechanically coupled to the substrate. In this context the
lamellipodium can be envisaged to ‘ride’ on the front of the
advancing boundary of the lamella.
The other major force driving cell movement is actomyo-
sin-based contraction. The highest concentrations of con-
tractile elements in the actin networks described above are
within the lamella, and hence they are capable of pulling cen-
tripetally against points of adhesion to the substrate. These
forces are also responsible for breaking substrate adhesions
at the rear of the cell [11,12]. Often caricatured as being ‘at’
the rear of the cell, this process is actually active across
most of a cell’s footprint. Although this actomyosin-based
mechanism of force generation is important, it is not essen-
tial for motility of amoebae [13], except through matrices that
offer resistance [14].
Forces Governing Movement in Neutrophils
and Amoebae
Recent work measuring traction stresses in neutrophils mov-
ing over polyacrylamide gel is difficult to reconcile with the
above studies in cultured cells. The work in neutrophils
showed that greatest forces were found under the uropod;
furthermore, intense stress at the rear of the cell was corre-
lated with the advancement of the leading edge along the
same axis 1–2 minutes later [15]. These findings were inter-
preted to mean that actomyosin-mediated contraction at
the rear of the neutrophil was a major factor in both initiating
movement and forcing the cell forward.
A striking theme in studies of the cytoskeletal structures
that potentially underpin the movement of cells like neutro-
phils andDictyostelium is the detection of wave-like patterns
of rearrangement [16,17], perhaps related to similar behav-
iours in cultured cells [9,18]. Some of this work analysed
the distribution of a fluorescent-protein-tagged version of
Hem-1/Nap1 (a ubiquitous regulator of actin polymer forma-
tion [19]) in the vicinity of the plasma membrane in neutro-
phil-like cell lines. This study led to the suggestion that
Hem-1 is recruited to the plasma membrane from the cytosol
in self-propagating waves that move in the plane of the sur-
face [16] and are mechanistically coupled to waves of actin
polymerisation. Although an attractive idea, it is not yet clear
how these waves are related to either cyclical protrusive
activity at the leading edge or the deeper, force-generating
actin networks.
Despite these outstanding studies of cytoskeletal struc-
ture in neutrophils and Dictyostelium, we do not have a de-
tailed understanding of their actin dynamics and architecture
that is equivalent to that gained in cultured cell lines. Further-
more, there are some clear differences between neutrophils/
Dictyostelium and cultured cells, such as a lack of conven-
tional focal adhesions. It seems reasonable to assume cur-
rently that the relentlessly and randomly protruding and
retracting structures at the front of moving neutrophils are
supported by a wave-like propagation of polymerisation
and rearrangement in peripheral actin networks, as seen in
lamellipodia and described above. Further, it is likely that
these structures can either retract or be consolidated by
the advancement of an actin network that is mechanicallycoupled to the substrate and has contractile properties.
Clearly, the decision to consolidate or retract/collapse pro-
trusions from the leading edge is central in the determination
of the direction of movement.
Membrane Dynamics during Movement
The process of extending pseudopods during phagocytosis
or movement leads to an increase in the effective surface
area of neutrophil-like cells. A recent study indicated that
the surface area of motile Dictyostelium amoebae can fluctu-
ate by 20–30% in a manner that is not compensated by as-
sembly/disassembly of filopodia [20]. Given that the plasma
membrane ruptures if it is stretched beyond 2–3% of its
starting area [21], it is clear that motile cells must manage
this problem. Some past work has been interpreted as indi-
cating that there is rapid, vectorial recycling of plasma mem-
brane, associated with net membrane flow from the leading
edge and endocytic retrieval at the rear [22,23]. These ideas
were developed with the aim of defining mechanisms driving
cell movement. The concept of membrane flow as a force
for movement is no longer accepted widely. However, the
underlying data demonstrating high rates of endocytic recy-
cling of membrane in Dictyostelium have been confirmed
and extended and used as the basis of a proposal that this
membrane flux may accommodate rapid changes in surface
area associated with shape change and movement [20].
Potentially related to this idea, an analysis of phagocytosis
revealed that the dramatic increases in surface area associ-
ated with the uptake of large particles were dependent on
PI3K activity [24].
Signalling Networks Engaged by Chemoattractants
The effects of both extracellular cAMP on Dictyostelium and
chemoattractants on neutrophils are mediated via G-pro-
tein-coupled receptors (GPCRs) and heterotrimeric G pro-
teins. In Dictyostelium, Ga2bg (there are only single copies
of the Gb and Gg genes in Dictyostelium) and the cAMP re-
ceptor (cAR1) are specifically responsible for conveying the
chemotactic signals from cAMP [25,26]. Many would further
accept that the Gbg subunits are probably necessary and
sufficient for transmission of the cAMP signal. Neutrophils
express many more combinations of G proteins; neverthe-
less, chemotactic signals from GPCRs for ligands like
fMLP, C5a and IL-8 are mostly mediated by pertussis-sensi-
tive Gao/i proteins that are similarly thought to signal via
Gbg subunits [27,28]. However, some work indicates that
Ga12/13 may also play a role in chemotactic signalling by
stimulating the activation of Rho GTPases [29]. A large and
growing family of intracellular signalling effectors engaged
by G-protein activation has been demonstrated to have
a role in chemotaxis, including Ras- and Rho-family
GTPases, PI3Ks, phospholipase C (PLC) and phospholipase
A2 (PLA2). Most relevant for the discussion in this review are
the PI3Ks.
PI3Ks can phosphorylate one or more of the lipids, PtdIns,
PtdIns4P and PtdIns(4,5)P2 at the 3
0 position. There are three
classes of PI3K [30], but only the class I PI3Ks are thought to
be relevant to chemotaxis in neutrophils and Dictyostelium
(some data suggest that class II PI3Ks may be involved in
migration of cultured cell lines [31,32]). The most character-
istic feature of class I PI3Ks is their ability to be activated
rapidly by many types of cell-surface receptor to produce
PtdIns(3,4,5)P3, primarily in the inner leaflet of the plasma
membrane.
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Class Names Function/effector domains/comments
Protein kinases Serine/threonine kinases PDK-1 Phosphorylates PtdInsP3-bound PKB on T308.
‘PDK-2’ Phosphorylates S473 of PKB in PI3K-dependent manner; likely
to be TORC2 complex but PI3K regulation is unclear.
PKB/AKT PtdIns(3,4)P2/PtdInsP3-regulated AGC kinase; targets include
GSK3ß and p70S6K; three forms (1, 2, 3), not clear which are in
neutrophils. PH domain is an effective reporter.
Tec-family tyrosine kinases BTK PtdInsP3-regulated kinase involved in a variety of antibody
receptor signalling pathways.
ETK/Bmx Similar to BTK.
Adaptor PI3K/tyrosine kinase signalling DAPP1/Bam32 SH2- and PH-domain-containing effector (binds both
PtdIns(3,4)P2 and PtdInsP3) involved in Src signalling.
GAPs Rho and/or Arf GAPs ARAP3 PtdInsP3- and Rap1-regulated RhoA GAP and Arf6 GAP.
Centaurin 1a Arf GAP.
Cdc42 GAP Cdc42 GAP SEC14 -domain-containing Cdc42 GAP.
GEFs Rac GEF PRex1 PtdInsP3- and Gbg-regulated Rac GEF critical in the formation of
reactive oxygen species but less important for movement.
DOCK2–Elmo complex PtdInsP3 regulation of this Rac GEF distribution is critical for
polarisation of F-actin; may bind through both subunits.
Vav1/3 Vav1 and Vav3 are functionally important in neutrophils possibly
regulated by PI3Ks indirectly.
Cdc42 GEF PIX A Gbg-regulated Cdc42 GEF, the distribution of which is
regulated by PtdInsP3, critical for chemotaxis.
Arf GEF Cytohesin 4 PtdInsP3-binding Arf GEF, Arf selectivity in vivo is unclear.
Adaptor Cytoskeleton WAVE2 PtdInsP3-binding shown to be important for its role in regulating
actin polymerisation.
Others Unconventional myosin Myosin IF Poly-basic region appears to confer PtdInsP3 binding.
1NFV
Cytoskeletal, ERM family Ezrin PtdInsP3-binding cytoskeletal protein can bind other
phosphoinositides and RhoGEFs. 1NFV
Protein tyrosine phosphate
phosphatase
MEG2 SEC14 domain seems likely to colocalise and interact with
phosphoinositides, important roles in vesicle fusion through its
substrate NSF. 1NFV
1NFV: Not fully validated as a PI3K effector. For references see text.PI3K Signalling in Neutrophils
Four class I PI3Ks are expressed in neutrophils and all of
these are heterodimers of regulatory subunits and catalytic
subunits (a, b, d and g, after which the PI3K is named, with
approximate relative abundancies of 4%: 4%: 90%: 2%, re-
spectively, in neutrophils; [33] and Marcus Thelen, personal
communication). These four class I PI3Ks are further divided
into two classes: class IA PI3Ks (a, b and d) have regulatory
subunits from one of a family of three genes (p85a, p85b and
p55) that contain Src homology 2 (SH2) domains and can be
activated by phosphotyrosine-based mechanisms [30]. The
single class IB PI3K (g) can bind to Gbg-sensitive regulatory
subunits (p84/p87PIKAP [34,35] or p101 [33]) and can be
activated by relatively abundant pertussis-sensitive Gao/i
proteins in vivo.
All of the catalytic subunits of class I PI3Ks contain Ras-
binding domains (RBD). Studies of Ras-insensitive knock-
ins of PI3Kg and PI3Ka in mice and Dp110 (the class I PI3K
in Drosophila) in flies have shown that these class I PI3Ks
are regulated, probably by Ras–GTP, via their RBDs in vivo
[36–39]. Given that chemoattractants can activate the N- and
K-Ras isoforms extremely rapidly in neutrophils (although
via an unknown mechanism), it appears that these dynamic
Ras signals act synergistically with Gbg subunits to stimulate
PI3Kg and hence PtdIns(3,4,5)P3 production. The unique
characteristics of this form of regulation have been predicted
to be important in the creation of PtdIns(3,4,5)P3 gradients.
The majority of neutrophil chemoattractants activate
PtdIns(3,4,5)P3 accumulation through Gai/o-containing G
proteins. Consistent with the above, PI3Kg is the dominant
class I PI3K in this context [40–42]. There are subtleties tothis regulation, however; the kinetics of accumulation of
PtdIns(3,4,5)P3 in response to fMLP is bi-phasic, and different
ligands, although all acting through Gai/o, have very different
time courses ([43] and H. Guillou, L.S., P.T.H., unpublished
data). Detailed analysis of the response to fMLP revealed
that the second phase of PtdIns(3,4,5)P3 accumulation in
human neutrophils is also dependent on PI3Kd and, to
a lesser extent, PI3Kb [43]. It would not be surprising if the
difference in the kinetics of the various ligand responses
was partly attributable to the differential involvement of the
class IA PI3Ks. The molecular mechanism underpinning the
recruitment of the class IA PI3Ks in these G-protein-depen-
dent pathways has not been fully established, but evidence
suggests a requirement for signalling through Src-family
kinases. In keeping with this idea, studies of related signalling
in neutrophil-like cell lines have revealed complex patterns of
PtdIns(3,4,5)P3 accumulation and an involvement of class IA
and B PI3Ks that are quite distinct from those seen in neutro-
phils [44]. Chemoattractant-stimulated PtdIns(3,4,5)P3 accu-
mulation in neutrophils is transient due to the actions of two
phosphatases — SHIP-1, a phosphoinositide 5-phosphate
phosphatase that leads to the delayed accumulation of
PtdIns(3,4)P2, and PTEN, a phosphoinositide 3-phosphate
phosphatase [30].
PtdIns(3,4,5)P3 signalling is transduced by a large family of
effector proteins that can bind selectively to the head groups
of PtdIns(3,4,5)P3 and/or PtdIns(3,4)P2. In many cases these
protein–phosphoinositide interactions are mediated by a
sub-family of pleckstrin homology (PH) domains with a char-
acteristic cluster of basic residues [45]. Typically, but not
universally, these PH-domain-containing effector proteins
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Figure 1. Schematic representation of a side view of a motile neutrophil.
Actin filaments (purple) grow at their barbed ends (depicted as arrowheads) through polymerisation. Filaments can be associated through clutch-
like complexes of proteins (blue) to adhesion complexes (green) at the base of the cell, against which actin-polymerisation-driven protrusive
forces can operate. In neutrophils it is not clear where the primary forces driving advancement of a leading edge are located. (In other cells
this appears to be the lamella, a zone immediately behind the highly motile, but unadhered, lamellipodium.) The endosomal recycling compart-
ment is located near to the leading edge. Net gain of adhesive contacts occurs at the front of the zone of adhesion to the substrate and net loss at
the rear. Myosin II complexes (orange), capable of generating a contractile force in concert with actin filaments, are mostly found at the rear of the
cell but are probably active throughout the actin network.translocate to the plasma membrane upon activation of class
I PI3K signalling. The translocation propagates further sig-
nalling through recruitment and/or allosteric modulation of
additional enzymatic or protein–protein interaction modules
involving the effector proteins [30].
A targeted proteomic screen for PtdIns(3,4,5)P3-binding
proteins in neutrophils identified 16 proteins [46]. Taken to-
gether with data showing that other known PtdIns(3,4,5)P3-
binding proteins are present in neutrophils (such as protein
kinase B (PKB), 3-phosphoinositide-dependent kinase-1
(PDK-1) and P-Rex1 [47]) and the fact that a number of pro-
teins were isolated in the above screen but remained uniden-
tified, it becomes apparent that neutrophils contain around
25 PtdIns(3,4,5)P3 effectors (Table 1). These proteins would
be expected to translocate to sites of class I PI3K activation
and PtdIns(3,4,5)P3 and/or PtdIns(3,4)P2 accumulation, but
to different extents and with different kinetics, on the basis
of their distinct lipid-binding selectivities and interaction
constants. The collection of PtdIns(3,4,5)P3 effectors in neu-
trophils thought to be recruited to sites of PtdIns(3,4,5)P3
accumulation includes proteins with a range of signalling
capabilities potentially relevant to cell movement (Figure 1
and described in more detail below).
PI3K Signalling in Dictyostelium
Dictyostelium has six class I-like PI3Ks: DdPI3K1–5 each
contain an RBD and DdPI3K6 contains a PH domain but
not an RBD. To date, none of these PI3Ks has been shown
to bind to a regulatory subunit. DdPI3K1 and 2 are responsi-
ble for most of the production of PtdIns(3,4,5)P3 in response
to cAMP [48]. A genetic knock-in of a Ras-insensitive point
mutant of DdPI3K1 (in a constitutively active Rasbackground) has shown that Ras is the prime activator of
DdPI3Ks at early timepoints after stimulation with cAMP
[39]. Although a large family of Ras guanine nucleotide ex-
change factors (RasGEFs) and Ras proteins could potentially
act upstream of PI3Ks in Dictyostelium, study of a collection
of knockout mutants suggests that the GefR–RasG and
GefA–RasC cassettes are most likely to act within cAR1-
and G-protein-regulated pathways controlling PI3Ks [49]. In-
terestingly, genetic analysis only connects the GefR–RasG
cassette to regulation of migration. The consequence of en-
gaging this pathway is a rapid accumulation of PtdIns(3,4,5)P3
(i.e. within 5–10 seconds). Simultaneous signals eliciting
the creation of a local F-actin network further enhance
PtdIns(3,4,5)P3 accumulation at later timepoints (60 seconds)
through the ability of class I PI3Ks to bind to F-actin and
hence become concentrated at sites enriched in cortical F-
actin [50] (Figure 2). Furthermore, a recent study has indicated
that an additional positive-feedback loop, in which F-actin-
driven accumulation of PI3Ks enhanced local activation of
Ras, may operate within this apparently simple pathway [51].
Increases in PtdIns(3,4,5)P3 levels in Dictyostelium are
very transient as a consequence of PTEN-like 3-phospha-
tases [52,53]. The Dictyostelium genome contains four rel-
atives of mammalian phosphoinositide 5-phosphatases,
Dd5P1–4 and, while only Dd5P2 has been reported to have
PtdIns(3,4,5)P3 5-phosphatase activity, loss of Dd5P2 has
only a minor effect on cell migration [54]. PTEN appears to
be held at the membrane through a number of interaction
mechanisms in which PtdIns(4,5)P2 appears to be important.
Some recent work suggests that PLC, through its ability to
degrade PtdIns(4,5)P2, can regulate PTEN distribution by
preferentially driving the loss of PTEN from the leading
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Figure 2. Spatial resolution of signalling and
structure during chemoattractant-stimulated
polarisation.
A model attempting to map the core signalling
processes in neutrophils that enable the crea-
tion of stable polarity in response to a single
uniformally applied chemoattractant, fMLP.
GPCR and G-protein signalling is thought to
remain homogeneous in contrast to down-
stream events. Additional mechanisms may
contribute in some contexts (e.g. localised
autocrine signalling at the leading edge or po-
larisation of receptor distribution). Key fea-
tures are the local incompatibility of the two
networks manifest through reciprocal sup-
pression based on key local cytoskeletal
structures and a long-range reinforcing signal
from the front favouring domination of back-
ness signals at the rear providing stability to
the system. Many molecular details are miss-
ing, such as signals translating an active
Rho–myosin II cassette into suppression of
the frontness, and the PI3K–Rac–actin axis
supplying positive feedback from Rac and ac-
tin polymers to PI3Ks. Dashed lines signify
undefined pathways.edge [55]. This mechanism appears critical for the formation
of gradients of PtdIns(3,4,5)P3.
Dictyostelium has only three known class I PI3K effectors;
cytosolic regulator of adenylate cyclase (CRAC) [52], the PH-
domain-containing protein PhdA [48] and PkbA (a PKB-re-
lated kinase) [56]. Significantly, CRAC is required for the pro-
cess of signal relay, in which extracellular cAMP stimulates
further production and release of cAMP [57]. Loss of either
PhdA or PkbA has distinct consequences, leading to reduc-
tions in the levels and kinetics of actin polymerisation or to
defects in cell polarisation, respectively.
Polarisation of Signalling in Response
to Chemoattractants
The majority of studies of eukaryotic chemotaxis had as-
sumed that eukaryotic cells, unlike prokaryotes, can detect
differences in chemoattractant concentration across their
surface and do not rely on movement and/or time to decipher
a gradient. The evidence underpinning this assumption had
been weak until the publication of a recent study that used
micro-fluidics to rapidly establish defined, complex gradi-
ents around neutrophil-like cells [58]. This work showed
that, under conditions in which the cells had not moved sig-
nificantly and/or the concentration gradient around the cell
was unchanged, the cells could still move off in the orienta-
tion of that gradient. The simplest interpretation of this result
is that cells can detect differences in the concentration of
chemoattractant between points on their surface [58], pre-
sumably by translating the extracellular gradient into an
intracellular derivative, encoded by the signalling networks
engaged by the chemottractant.
Gradient-based stimulation of both neutrophils and Dic-
tyostelium leads rapidly to profound polarisation aligned
with the gradient. Interestingly, when the gradient of chemo-
attractant is relatively shallow (such as 1–4% change over
a cell’s length — corresponding to a fall from 100% at the
front to 99–96% at the rear), cells can become far more polar-
ised, in terms of % change per unit distance, than the exter-
nal gradient; this phenomenon led to the concept of polarity
amplification. Studies of both neutrophils and amoebaeindicate that neither the distribution of chemoattractant re-
ceptor nor the distribution of G-protein activation becomes
substantially polarised but instead follows the gradient of
chemottractant [59–63]. (Work in neutrophils has shown
that ATP can be released from developing leading edges
and that this can activate P2Y2 purinergic receptors locally
and also be degraded to adenosine, which can stimulate
A3 adenosine receptors externalised at the leading edge;
however, this process can only operate in the context of sub-
stantial pre-existing polarity [64].) Use of biosensors com-
posed of fluorescent proteins fused to PH domains, which
are capable of binding selectively to different phosphoinosi-
tides [65,66], has revealed that, in contrast to the distribution
of chemoattractant receptors and G proteins, the levels of
PtdIns(3,4,5)P3 become remarkably polarised in amoebae,
neutrophils and neutrophil-like cell lines, with high levels
closest to the leading edge [4,56,62,67–70].
Molecular Basis of the Polarisation of PI3K Signalling
during Neutrophil Chemotaxis
The localised accumulation of PtdIns(3,4,5)P3 was quickly
appreciated to be a potentially critical signal co-ordinating
chemotaxis or movement because of its ability to concen-
trate PI3K effectors at a leading edge where they could con-
tribute to remodelling of that domain.
In mouse neutrophils the PtdIns(3,4,5)P3 accumulation is
clearly dependent on PI3Kg and SHIP-1 (and not PTEN)
activities, but the mechanistic details have yet to be resolved
[4,43,68]. A number of molecular mechanisms that could
contribute to the steep polarisation of PtdIns(3,4,5)P3 signal-
ling have been considered. Firstly, PI3Kgmay be regulated in
vivo by the synergistic action of Gbg subunits and Ras [36].
Modelling studies of eukaryotic chemotaxis have revealed
that introduction of the assumption that PI3Kg activity is
controlled by a coincidence circuit requiring simultaneous
activation by Ras–GTP and Gbg subunits (a specific form
of synergy) [71] has powerful effects in accentuating the local
accumulation of PtdIns(3,4,5)P3 at the leading edge (as sug-
gested previously in [72]). It then becomes unnecessary
to propose the existence of undefined global inhibitors,
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Figure 3. Signalling regulating chemotaxis in
Dictyostelium.
cAMP binding to cAR1 leads to activation of
a large collection of signalling cassettes that
have roles in chemotaxis. The PI3K network
takes a central position in coordinating as-
sembly of leading edges. Key events in zones
of protrusion are: the ability of PI3Ks to bind,
and be further activated by, accumulating
actin polymers; activation of PLC driving a
local reduction in PtdIns(4,5)P2 (PI(4,5)P2)
levels, dissociation of PTEN from the mem-
brane and thus reduced suppression of PI3K
activity; and Rap1- and Phg2-kinase-medi-
ated local disassembly of myosin [100]. The
identity of the arachidonate derivatives and
their effectors that control actin polymerisa-
tion are unknown. Some evidence, from stud-
ies using combined application of inhibitors
and InsP3R- and PLC-deficient cells, suggests
Ca2+ may also have a role [95]. PL, phospho-
lipid substrates of PLA2. Dashed lines signify
undefined pathways.required in the majority of ‘local-excitation, global-inhibition’
models [73]. Secondly, although it has not been established
whether SHIP-1 is regulated directly by chemoattractants,
the phenotype of SHIP-1-deficient neutrophils — extremely
flattened, spread and with weakly polarised morphology
and PtdIns(3,4,5)P3 levels [4] — and the known regulatory
mechanisms, binding partners and structure of SHIP-1,
mean that this phosphatase might ‘actively’ drive the polar-
isation of PtdIns(3,4,5)P3 through changes in its distribution
and/or activity. Thirdly, a large body of work has indicated
that Rac proteins, and/or components of F-actin networks
that are dependent on Rac activity, may form part of a posi-
tive-feedback loop capable of stimulating PtdIns(3,4,5)P3
production preferentially at the leading edge [29,50,74,75].
Fourthly, mechanisms involving local release of chemoat-
tractants at the leading edge that are capable of stimulating
PI3K activation (e.g. ATP and adenosine [64]) have been pro-
posed to contribute. Finally, substantial and diverse data
support the concept that PI3Kg can drive activation of class
IA PI3Ks [43,75,76]. Little is known, however, about the mo-
lecular details of such activation, beyond a possible involve-
ment of Src-family kinases and PI3Kd.
Molecular Basis of the Polarisation of PI3K Signalling
during Dictyostelium Chemotaxis
In Dictyostelium, activated Ras proteins can be concen-
trated at a leading edge and are the most rapid chemoattrac-
tant-elicited signals that stimulate class I PI3K activity
[39,50]. Together with the dissociation of PTEN from the
plasma membrane at the leading edge, driven by PLC-medi-
ated depletion of PtdIns(4,5)P2 [55], and a positive-feedback
signal delivered by the recruitment of PI3Ks to F-actin
formed in response to activation of RacB at the leading
edge [50,74], this activation of Ras drives polarisation of
PtdIns(3,4,5)P3 (Figure 3).
Polarisation in Response to Uniform Stimulation
with Chemoattractants
A number of authors have argued that the molecular mecha-
nism responsible for the generation of polarity amplificationis likely to have a central role in the process by which cells
detect the vector of shallow gradients of chemoattractants.
However, both neutrophils and amoebae can polarise in
response to uniform stimulation with chemoattractants.
Indeed, Dictyostelium mutants that lack G proteins can
spontaneously polarise both their PI3K signalling and their
morphology [51]. In both cell types, PI3Ks are activated uni-
formly around the cell initially and, after a few minutes, clear
leading edges emerge, with concentrated PI3K signalling.
Clearly, cellular polarity can develop without the need to be
seeded by an external gradient; furthermore, as described
above, cells with very weak morphological polarisation are
still able to detect a gradient of chemoattractant and chemo-
tax efficiently (Figure 4).
Other signalling systems can also become polarised in re-
sponse to chemoattractants. The data describing a gradient
of Rho activity along the axis of polarised neutrophils (low at
the front) [77] are convincing and this gradient is considered
to drive myosin-based contraction at the rear [29,78], in part
due to signals mediated via Ga12/13, probably through
p115RhoGEF, Rho, its effector kinase ROCK and myosin II
[29]. The authors of this work have also provided evidence
and persuasive argument that this ‘backness’ pathway is
mutually exclusive (in spatial terms) [29,77], but partially de-
pendent upon a ‘frontness’ network [79], driven by the same
chemoattractant and mediated via Gai, PI3K (probably g),
Rac and F-actin (Figure 2). Although many of the key molec-
ular details are missing, this concept could potentially
explain spontaneous polarisation and, indeed, has formed
the basis of a recent mathematical model of chemotaxis [71].
Role of Polarised PtdIns(3,4,5)P3 Signals
A collection of data came together in around 2002 that sug-
gested that PtdIns(3,4,5)P3 signals were a part of a compass
mechanism, sensing and relaying the vector of extracellular
gradients of chemoattractants. Firstly, a large number of
studies showed that PI3K inhibitors or genetic loss of
PI3Ks cause neutrophils and amoebae to fail to respond in
a variety of in vitro and in vivo chemotaxis assays that mac-
roscopically assess whether cells reach a destination, such
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Figure 4. The components of neutrophil che-
motaxis.
Uniform levels of chemoattractant can stimu-
late neutrophils to polarise. This profound
structural polarisation is probably made pos-
sible by the creation of spatially incompatible
frontness and backness signalling domains
that resolve into leading and trailing edges
to the cell (refer back to Figure 1). The
PI3Kg, PtdIns(3,4,5)P3 and SHIP-1 signalling
cassette is involved in organising some as-
pects of polarisation. The outcome is that
the cell gains the potential for very efficient, rapid movement, as a result of the random generation of protrusions at the front. If the chemoattrac-
tant was present in the form of a gradient the cell is able to detect the vector of that gradient without needing to move or experience progressive
changes in chemottractant concentration. The molecular mechanisms involved are unclear but must involve, at least, local polarisation of signal-
ling. However, this is not dependent on the complete polarisation programme, because substantially unpolarised cells can still chemotax effi-
ciently. Signals convey information about the direction of the gradient through an undefined mechanism, perhaps operating locally at the leading
edge, and act at the leading edge to favour the survival or adhesion of those randomly formed protrusions that receive the strongest stimulation by
chemoattractant. Chemotaxis emerges from the integration of random motility and gradient-biased signalling.as the lower well in a transwell filter assay, the target zones of
an under-agarose assay or the peritoneum in a murine model
of peritonitis. Secondly, a smaller number of reports exam-
ined the paths of individual cells during chemotaxis and
some of these described reductions in chemotactic effi-
ciency (measured in terms of, for example, migratory index)
in the presence of PI3K inhibitors or in the absence of
PI3Ks. Thirdly, further evidence is provided by some previ-
ously mentioned data demonstrating the rapid emergence
of steep gradients of PtdIns(3,4,5)P3 in chemotaxing cells.
Finally, additional data suggested that these PtdIns(3,4,5)P3
gradients were only reduced, and not abolished, by inhibi-
tors of the accumulation of F-actin, such as latrunculin, and
were therefore unlikely to be caused by the polarisation of
the actin cytoskeleton.
This body of work has been re-evaluated recently through
the publication of a series of papers that further dissect
some of these issues. In many cases this additional work has
confirmed the earlier findings, whilst enabling a more com-
plete interpretation, although some discrepancies remain un-
resolved [68]. The outcome is that models putting PI3Ks at the
heart of a compass mechanism that is conserved between
amoebae and mammals are no longer widely held.
Several high-quality studies have resolved multiple roles
for PI3Ks (particularly PI3Kg and d) in neutrophil migration
in vivo [80,81]. Collectively, this work showed that PI3Kg, in
the neutrophils and not the endothelium, was important for
emigration of neutrophils from the circulation in response
to brief stimulation with chemokines; after longer stimula-
tion, emigration was dependent on PI3Kd. In contrast,
when challenged with TNFa, a role for PI3Kg in the endothe-
lium in the interaction between neutrophils and endothelial
cells could be discerned [80]. Hence, these results showed
that inhibition of PI3K activity resulted in fewer cells exiting
the circulation and therefore fewer cells being in a position
to chemotax to a site of inflammation. In fact work that
focused on migration within tissue compartments revealed
that neutrophils moved faster in the presence of PI3K
inhibitors because of the repression of PI3K’s adhesive
functions [82].
Work examining migration of neutrophils through transwell
filters either in the presence of chemoattractant gradients or
uniform chemoattractant concentrations showed that ge-
netic loss of PI3Kg or selective PI3K inhibitors caused reduc-
tions in the chemokinetic responses of the cells that could
explain the apparent reductions in chemotactic migration[68] (confirming the earliest work on this issue [83]). Similarly,
some experiments examining the effects of either genetic
loss of PI3Ks or selective PI3K inhibitors on the chemotactic
efficiency of both neutrophils and Dictyostelium amoebae
revealed no specific deficiencies [4,68,84–86]: in one study
it was clear that a PI3Kg-selective inhibitor caused a reduc-
tion in the migratory index of neutrophils but a precisely
equivalent effect was seen with the inhibitor on PI3Kg KO
neutrophils, indicating that these effects were probably off-
target [68], possibly explaining some reported effects of
PI3Kg-selective inhibitors on neutrophil navigation [79].
The concept that PI3K signalling becomes sharply polar-
ised to the leading edge during chemotactic or random
movement has received substantial further support, al-
though, as argued above, the molecular mechanisms sus-
taining this response have not been fully clarified [4,68,87].
The primary functions of this PtdIns(3,4,5)P3 signal also
remain poorly understood. Suppressing the accumulation
of PtdIns(3,4,5)P3 at the leading edge in neutrophils has iden-
tified a number of potential targets. Initially the neutrophils
showed a less complete and less stable polarisation of their
F-actin network, suggesting that some aspects of polarisa-
tion are being led by PI3Ks [4,68]. Part of this effect may be
mediated via the ability of PtdIns(3,4,5)P3 to regulate the
distribution of key regulators of the location and extent of
actin polymerisation, such as the RacGEF DOCK2, WAVE2,
WASP (in Dictyostelium, WASP is a target of Cdc42, which
controls Arp2/3 in parallel with WAVE [88]) and PIX–
CDC42GEF complexes [89–91], similar to the situation inDic-
tyostelium described previously [74]. Although a molecular
mechanism is missing, these details dovetail with evidence
that PI3K activity might control the rate, but not the location,
of protrusion formation driven by actin polymerisation from
the leading edge [84].
There is also evidence that PI3K signals may dictate integ-
rin-mediated adhesive events that are relevant to neutrophil
movement [68,92,93]. On fibrinogen-coated surfaces, where
fMLP causes a dramatic chemokinetic response, there is
a coincident rise in the overall strength of adhesion of neutro-
phils to this substrate and upregulation of the surface levels
of a major integrin, aMb2, involved in binding fibrinogen.
Blockade of PI3Ks resulted in reductions of both the upregu-
lation of aMb2 and the increased strength of adhesion and
movement [68]. The implication of these findings is that the
significant body of work suggesting that PI3K activity has
an important role in controlling various aspects of integrin
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tant-stimulated movement (Figure 4).
Some past work has suggested that PI3Ks are involved in
regulating the rapid delivery of new membrane to the cell sur-
face to accommodate the demands of phagocytosis of large
particles [24]. Furthermore, a number of PI3K effector pro-
teins, such as ARAP3 or centaurin a1, can act as GTPase-
activating proteins (GAPs) for Arf GTPases and seem well
poised to fulfil roles relevant to such processes, given that
cycling of Arf GTPases can control endosomal recycling.
Collectively, these results point to the possibility that PI3K
signals in chemotaxing cells may also co-ordinate delivery
of new membrane required to enable the changes in cell
shape associated with movement [20].
Within the framework of models envisaging frontness and
backness signalling networks that are, in spatial terms,
mutually exclusive, it is clear that a key role of the PtdIns
(3,4,5)P3 gradient is to shape a reciprocal Rho pathway
[77]. Potentially consistent with this model, and with work
in other cells indicating the importance of localised inhibition
of Rho function to enable lamellipodia extension [94], ARAP3
is a molecule in neutrophils that is recruited and activated by
PtdIns(3,4,5)P3, presumably at the leading edge, and also
acts as a RhoA GAP, capable of suppressing Rho function.
Role for PI3Ks in Orientation?
Some workers have reported that in Dictyostelium the sensi-
tivity of chemotaxis to PI3K inhibitors is a function of the
cAMP concentration to which the cells are responding: at
low concentrations of cAMP, either distant to a micropipette
or in a micropopulation assay, scoring gradient-biased accu-
mulation, the response was PI3K dependent [95,96]. Further-
more, two independent studies have revealed roles for PLA2
activity acting in concert with PI3Ks in Dictyostelium to regu-
late chemotaxis [95,97]. Both groups suggest the two signal-
ling pathways are operating in a ‘redundant’ parallel manner
(although it is clear that these pathways are very unlikely to
represent molecular replacements for one another), such
that in the absence of PLA2 activity chemotaxis becomes
PI3K dependent. Together these results have been inter-
preted to suggest that, under conditions where the chemo-
tactic abilities of Dictyostelium are challenged, an underlying
role for PI3K signalling in the orientation of movement is
revealed. Both of these very interesting results are difficult
to reconcile with work in which Dictyostelium amoebae have
been shown in an under-agarose assay format to chemotax
towards similarly low concentrations of cAMP in a PI3K inde-
pendent manner [84] and chemotax perfectly efficiently in the
complete genetic absence of all PI3Ks and PTEN (in contrast
to all previous studies in which only subsets of PI3Ks were de-
leted, although this work used relatively high concentrations
of cAMP) [85]. The quality of the latter results implies that
the ‘redundancy’ between PI3K and PLA2 signalling must be
very near complete; the potential purpose/advantage of this
type of redundancy for a wild-type cell is totally unclear. Per-
haps both phenomena are a result of a reduction in the effec-
tive responsiveness of cultures and/or individual amoebae
with diminished PLA2 or PI3K activity to cAMP in specific as-
say contexts. In the case of cells with reduced PI3K activity,
this reduced responsiveness might be a consequence of a
decline in cAMP signal relay, a process known to be depen-
dent on the PI3K effector CRAC, and this effect would possi-
bly be more significant when assays are conducted in the
presence of low concentrations of exogenous cAMP.Mechanism by Which the Gradient-Encoding Apparatus
Biases Cell Movement
Currently there is no single signalling system that appears to
be responsible for encoding an intracellular representation
of extracellular gradients of chemoattractants that is used
to guide chemotaxis. Such a system may only become
apparent after the combined analysis of the entire signalling
network engaged by chemoattractants. However, a consen-
sus is emerging (or re-emerging [98]) that the critical sam-
pling and comparison of chemoattractant concentration
occurs at points of protrusion across the leading edge
[84,99], contrasting with many analyses of eukaryotic chemo-
taxis, which have assumed that the gradient is sampled
across the length of the cell. Two models have been proposed
to explain how this sampling becomes linked to an increased
likelihood that a protrusion becomes firmly attached to the
substrate and represents a point of advancement up a gradi-
ent. The first suggested that stronger signalling at a particular
point will drive the local advance of firm attachment to the
substrate, but noted the volatility of comparisons of receptor
activation between two points close to one another in a gradi-
ent, and hence suggested that chemotaxis emerged from the
biasing over time of very noisy protrusive activity [99]. The
second model was based on data that suggested that protru-
sions are created cyclically, but in a spatially random manner,
within the confines set by both the structure of the leading
edge and the site of the preceding protrusion. These authors
argued that directional bias emerged because those protru-
sions that received, in their lifetime, the strongest direct
stimulation by chemoattractant, survived by becoming firmly
connected to the substrate [84].
Conclusions
Eukaryotic cells are capable of spatially encoding extracellu-
lar gradients of chemottractants and using this vectorial
information to guide chemotaxis. These processes probably
occur within the region of the leading edge and can occur in
the absence of PI3K activity. They act to bias the co-ordi-
nated but underlyingly random process of cell movement
by favouring the survival of the protrusions from the leading
edge that receive the strongest stimulation. PI3K signalling
can become polarised and aligned with the vector of gradi-
ents of chemoattractants and then appears to drive a variety
of aspects of cellular polarisation, at least some of which are
relevant to facilitating the chemokinetic response of the cells.
References
1. Cassimeris, L., and Zigmond, S.H. (1990). Chemoattractant stimulation of
polymorphonuclear leucocyte locomotion. Semin. Cell Biol. 1, 125–134.
2. Willard, S.S., and Devreotes, P.N. (2006). Signaling pathways mediating
chemotaxis in the social amoeba, Dictyostelium discoideum. Eur. J. Cell
Biol. 85, 897–904.
3. Pierini, L.M., Lawson, M.A., Eddy, R.J., Hendey, B., and Maxfield, F.R.
(2000). Oriented endocytic recycling of alpha5beta1 in motile neutrophils.
Blood 95, 2471–2480.
4. Nishio, M., Watanabe, K., Sasaki, J., Taya, C., Takasuga, S., Iizuka, R.,
Balla, T., Yamazaki, M., Watanabe, H., Itoh, R., et al. (2007). Control of
cell polarity and motility by the PtdIns(3,4,5)P3 phosphatase SHIP1. Nat.
Cell Biol. 9, 36–44.
5. Small,J.V., andResch,G.P. (2005).Thecomings andgoingsofactin:coupling
protrusion and retraction in cell motility. Curr. Opin. Cell Biol. 17, 517–523.
6. Mogilner, A., and Oster, G. (2003). Polymer motors: pushing out the front
and pulling up the back. Curr. Biol. 13, R721–R733.
7. Pollard, T.D., and Borisy, G.G. (2003). Cellular motility driven by assembly
and disassembly of actin filaments. Cell 112, 453–465.
8. Zigmond, S.H. (2004). Beginning and ending an actin filament: control at the
barbed end. Curr. Top Dev. Biol. 63, 145–188.
Review
R4939. Ponti, A., Machacek, M., Gupton, S.L., Waterman-Storer, C.M., and
Danuser, G. (2004). Two distinct actin networks drive the protrusion of
migrating cells. Science 305, 1782–1786.
10. Hu, K., Ji, L., Applegate, K.T., Danuser, G., and Waterman-Storer, C.M.
(2007). Differential transmission of actin motion within focal adhesions.
Science 315, 111–115.
11. Chen, W.T. (1981). Mechanism of retraction of the trailing edge during fibro-
blast movement. J. Cell Biol. 90, 187–200.
12. Small, J.V. (1989). Microfilament-based motility in non-muscle cells. Curr.
Opin. Cell Biol. 1, 75–79.
13. De Lozanne, A., and Spudich, J.A. (1987). Disruption of the Dictyostelium
myosin heavy chain gene by homologous recombination. Science 236,
1086–1091.
14. Laevsky, G., and Knecht, D.A. (2003). Cross-linking of actin filaments
by myosin II is a major contributor to cortical integrity and cell motility in
restrictive environments. J. Cell Sci. 116, 3761–3770.
15. Smith, L.A., Aranda-Espinoza, H., Haun, J.B., Dembo, M., and Hammer,
D.A. (2007). Neutrophil traction stresses are concentrated in the uropod
during migration. Biophys. J. 92, L58–L60.
16. Weiner, O.D., Marganski, W.A., Wu, L.F., Altschuler, S.J., and Kirschner,
M.W. (2007). An actin-based wave generator organizes cell motility. PLoS
Biol. 5, e221.
17. Bretschneider, T., Diez, S., Anderson, K., Heuser, J., Clarke, M., Muller-Tau-
benberger, A., Kohler, J., and Gerisch, G. (2004). Dynamic actin patterns
and Arp2/3 assembly at the substrate-attached surface of motile cells.
Curr. Biol. 14, 1–10.
18. Giannone, G., Dubin-Thaler, B.J., Dobereiner, H.G., Kieffer, N., Bresnick,
A.R., and Sheetz, M.P. (2004). Periodic lamellipodial contractions correlate
with rearward actin waves. Cell 116, 431–443.
19. Weiner, O.D., Rentel, M.C., Ott, A., Brown, G.E., Jedrychowski, M., Yaffe,
M.B., Gygi, S.P., Cantley, L.C., Bourne, H.R., and Kirschner, M.W. (2006).
Hem-1 complexes are essential for Rac activation, actin polymerization,
and myosin regulation during neutrophil chemotaxis. PLoS Biol. 4, e38.
20. Traynor, D., and Kay, R.R. (2007). Possible roles of the endocytic cycle in
cell motility. J. Cell Sci. 120, 2318–2327.
21. Mohandas, N., and Evans, E. (1994). Mechanical properties of the red cell
membrane in relation to molecular structure and genetic defects. Annu.
Rev. Biophys. Biomol. Struct. 23, 787–818.
22. Abercrombie, M., Heaysman, J.E., and Pegrum, S.M. (1970). The locomo-
tion of fibroblasts in culture. 3. Movements of particles on the dorsal
surface of the leading lamella. Exp. Cell Res. 62, 389–398.
23. Aguado-Velasco, C., and Bretscher, M.S. (1999). Circulation of the plasma
membrane in Dictyostelium. Mol. Biol. Cell 10, 4419–4427.
24. Cox, D., Tseng, C.C., Bjekic, G., and Greenberg, S. (1999). A requirement for
phosphatidylinositol 3-kinase in pseudopod extension. J. Biol. Chem. 274,
1240–1247.
25. Kumagai, A., Pupillo, M., Gundersen, R., Miake-Lye, R., Devreotes, P.N.,
and Firtel, R.A. (1989). Regulation and function of G alpha protein subunits
in Dictyostelium. Cell 57, 265–275.
26. Sun, T.J., and Devreotes, P.N. (1991). Gene targeting of the aggregation
stage cAMP receptor cAR1 in Dictyostelium. Genes Dev. 5, 572–582.
27. Shefcyk, J., Yassin, R., Volpi, M., Molski, T.F., Naccache, P.H., Munoz, J.J.,
Becker, E.L., Feinstein, M.B., and Sha’afi, R.I. (1985). Pertussis but not chol-
era toxin inhibits the stimulated increase in actin association with the cyto-
skeleton in rabbit neutrophils: role of the ‘‘G proteins’’ in stimulus-response
coupling. Biochem. Biophys. Res. Commun. 126, 1174–1181.
28. Goldman, D.W., Chang, F.H., Gifford, L.A., Goetzl, E.J., and Bourne, H.R.
(1985). Pertussis toxin inhibition of chemotactic factor-induced calcium
mobilization and function in human polymorphonuclear leukocytes. J.
Exp. Med. 162, 145–156.
29. Xu, J., Wang, F., Van Keymeulen, A., Herzmark, P., Straight, A., Kelly, K., Ta-
kuwa, Y., Sugimoto, N., Mitchison, T., and Bourne, H.R. (2003). Divergent
signals and cytoskeletal assemblies regulate self-organizing polarity in
neutrophils. Cell 114, 201–214.
30. Cantley, L.C. (2002). The phosphoinositide 3-kinase pathway. Science 296,
1655–1657.
31. Maffucci, T., Cooke, F.T., Foster, F.M., Traer, C.J., Fry, M.J., and Falasca,
M. (2005). Class II phosphoinositide 3-kinase defines a novel signaling
pathway in cell migration. J. Cell Biol. 169, 789–799.
32. Domin, J., Harper, L., Aubyn, D., Wheeler, M., Florey, O., Haskard, D., Yuan,
M., and Zicha, D. (2005). The class II phosphoinositide 3-kinase PI3K-
C2beta regulates cell migration by a PtdIns3P dependent mechanism. J.
Cell Physiol. 205, 452–462.
33. Stephens, L.R., Eguinoa, A., Erdjument-Bromage, H., Lui, M., Cooke, F.,
Coadwell, J., Smrcka, A.S., Thelen, M., Cadwallader, K., Tempst, P., et al.
(1997). The G beta gamma sensitivity of a PI3K is dependent upon a tightly
associated adaptor, p101. Cell 89, 105–114.
34. Suire, S., Coadwell, J., Ferguson, G.J., Davidson, K., Hawkins, P., and Ste-
phens, L. (2005). p84, a new Gbetagamma-activated regulatory subunit of
the type IB phosphoinositide 3-kinase p110gamma. Curr. Biol. 15, 566–570.
35. Voigt, P., Dorner, M.B., and Schaefer, M. (2006). Characterization of
p87PIKAP, a novel regulatory subunit of phosphoinositide 3-kinase gammathat is highly expressed in heart and interacts with PDE3B. J. Biol. Chem.
281, 9977–9986.
36. Suire, S., Condliffe, A.M., Ferguson, G.J., Ellson, C.D., Guillou, H., David-
son, K., Welch, H., Coadwell, J., Turner, M., Chilvers, E.R., et al. (2006). Gbe-
tagammas and the Ras binding domain of p110gamma are both important
regulators of PI(3)Kgamma signalling in neutrophils. Nat. Cell Biol. 8, 1303–
1309.
37. Gupta, S., Ramjaun, A.R., Haiko, P., Wang, Y., Warne, P.H., Nicke, B., Nye,
E., Stamp, G., Alitalo, K., and Downward, J. (2007). Binding of ras to phos-
phoinositide 3-kinase p110alpha is required for ras-driven tumorigenesis in
mice. Cell 129, 957–968.
38. Orme, M.H., Alrubaie, S., Bradley, G.L., Walker, C.D., and Leevers, S.J.
(2006). Input from Ras is required for maximal PI(3)K signalling in Drosoph-
ila. Nat. Cell Biol. 8, 1298–1302.
39. Funamoto, S., Meili, R., Lee, S., Parry, L., and Firtel, R.A. (2002). Spatial and
temporal regulation of 3-phosphoinositides by PI 3-kinase and PTEN medi-
ates chemotaxis. Cell 109, 611–623.
40. Li, Z., Jiang, H., Xie, W., Zhang, Z., Smrcka, A.V., and Wu, D. (2000). Roles of
PLC-beta2 and -beta3 and PI3Kgamma in chemoattractant-mediated sig-
nal transduction. Science 287, 1046–1049.
41. Hirsch, E., Katanaev, V.L., Garlanda, C., Azzolino, O., Pirola, L., Silengo, L.,
Sozzani, S., Mantovani, A., Altruda, F., and Wymann, M.P. (2000). Central
role for G protein-coupled phosphoinositide 3-kinase gamma in inflamma-
tion. Science 287, 1049–1053.
42. Sasaki, T., Irie-Sasaki, J., Jones, R.G., Oliveira-dos-Santos, A.J., Stanford,
W.L., Bolon, B., Wakeham, A., Itie, A., Bouchard, D., Kozieradzki, I., et al.
(2000). Function of PI3Kgamma in thymocyte development, T cell activa-
tion, and neutrophil migration. Science 287, 1040–1046.
43. Condliffe, A.M., Davidson, K., Anderson, K.E., Ellson, C.D., Crabbe, T., Ok-
kenhaug, K., Vanhaesebroeck, B., Turner, M., Webb, L., Wymann, M.P.,
et al. (2005). Sequential activation of class IB and class IA PI3K is important
for the primed respiratory burst of human but not murine neutrophils. Blood
106, 1432–1440.
44. Boulven, I., Levasseur, S., Marois, S., Pare, G., Rollet-Labelle, E., and Nacc-
ache, P.H. (2006). Class IA phosphatidylinositide 3-kinases, rather than
p110 gamma, regulate formyl-methionyl-leucyl-phenylalanine-stimulated
chemotaxis and superoxide production in differentiated neutrophil-like
PLB-985 cells. J. Immunol. 176, 7621–7627.
45. Lemmon, M.A. (2007). Pleckstrin homology (PH) domains and phosphoino-
sitides. Biochem. Soc. Symp. 81–93.
46. Krugmann, S., Anderson, K.E., Ridley, S.H., Risso, N., McGregor, A., Coad-
well, J., Davidson, K., Eguinoa, A., Ellson, C.D., Lipp, P., et al. (2002). Iden-
tification of ARAP3, a novel PI3K effector regulating both Arf and Rho
GTPases, by selective capture on phosphoinositide affinity matrices. Mol.
Cell 9, 95–108.
47. Welch, H.C., Coadwell, W.J., Ellson, C.D., Ferguson, G.J., Andrews, S.R.,
Erdjument-Bromage, H., Tempst, P., Hawkins, P.T., and Stephens, L.R.
(2002). P-Rex1, a PtdIns(3,4,5)P3- and Gbetagamma-regulated guanine-
nucleotide exchange factor for Rac. Cell 108, 809–821.
48. Funamoto, S., Milan, K., Meili, R., and Firtel, R.A. (2001). Role of phospha-
tidylinositol 30 kinase and a downstream pleckstrin homology domain-con-
taining protein in controlling chemotaxis in dictyostelium. J. Cell Biol. 153,
795–810.
49. Kae, H., Kortholt, A., Rehmann, H., Insall, R.H., Van Haastert, P.J., Spiegel-
man, G.B., and Weeks, G. (2007). Cyclic AMP signalling in Dictyostelium: G-
proteins activate separate Ras pathways using specific RasGEFs. EMBO
Rep. 8, 477–482.
50. Sasaki, A.T., Chun, C., Takeda, K., and Firtel, R.A. (2004). Localized Ras sig-
naling at the leading edge regulates PI3K, cell polarity, and directional cell
movement. J. Cell Biol. 167, 505–518.
51. Sasaki, A.T., Janetopoulos, C., Lee, S., Charest, P.G., Takeda, K., Sund-
heimer, L.W., Meili, R., Devreotes, P.N., and Firtel, R.A. (2007). G protein-in-
dependent Ras/PI3K/F-actin circuit regulates basic cell motility. J. Cell
Biol. 178, 185–191.
52. Huang, Y.E., Iijima, M., Parent, C.A., Funamoto, S., Firtel, R.A., and Dev-
reotes, P. (2003). Receptor-mediated regulation of PI3Ks confines
PI(3,4,5)P3 to the leading edge of chemotaxing cells. Mol. Biol. Cell. 14,
1913–1922.
53. Iijima, M., and Devreotes, P. (2002). Tumor suppressor PTEN mediates
sensing of chemoattractant gradients. Cell 109, 599–610.
54. Loovers, H.M., Veenstra, K., Snippe, H., Pesesse, X., Erneux, C., and van
Haastert, P.J. (2003). A diverse family of inositol 5-phosphatases playing
a role in growth and development in Dictyostelium discoideum. J. Biol.
Chem. 278, 5652–5658.
55. Kortholt, A., King, J., Keizer-Gunnink, I., Harwood, A., and Van Haastert,
P.J. (2007). PLC Regulation of PI(3,4,5)P3-mediated Chemotaxis. Mol.
Biol. Cell. 18, 4772–4779.
56. Meili, R., Ellsworth, C., Lee, S., Reddy, T.B., Ma, H., and Firtel, R.A. (1999).
Chemoattractant-mediated transient activation and membrane localization
of Akt/PKB is required for efficient chemotaxis to cAMP in Dictyostelium.
EMBO J. 18, 2092–2105.
57. Insall, R., Kuspa, A., Lilly, P.J., Shaulsky, G., Levin, L.R., Loomis, W.F., and
Devreotes, P. (1994). CRAC, a cytosolic protein containing a pleckstrin
Current Biology Vol 18 No 11
R494homology domain, is required for receptor and G protein-mediated activa-
tion of adenylyl cyclase in Dictyostelium. J. Cell Biol. 126, 1537–1545.
58. Herzmark, P., Campbell, K., Wang, F., Wong, K., El-Samad, H., Groisman,
A., and Bourne, H.R. (2007). Bound attractant at the leading vs. the trailing
edge determines chemotactic prowess. Proc. Natl. Acad. Sci. USA 104,
13349–13354.
59. Xiao, Z., Zhang, N., Murphy, D.B., and Devreotes, P.N. (1997). Dynamic dis-
tribution of chemoattractant receptors in living cells during chemotaxis and
persistent stimulation. J. Cell Biol. 139, 365–374.
60. Jin, T., Zhang, N., Long, Y., Parent, C.A., and Devreotes, P.N. (2000). Local-
ization of the G protein betagamma complex in living cells during chemo-
taxis. Science 287, 1034–1036.
61. Janetopoulos, C., Jin, T., and Devreotes, P. (2001). Receptor-mediated ac-
tivation of heterotrimeric G-proteins in living cells. Science 291, 2408–2411.
62. Servant, G., Weiner, O.D., Herzmark, P., Balla, T., Sedat, J.W., and Bourne,
H.R. (2000). Polarization of chemoattractant receptor signaling during neu-
trophil chemotaxis. Science 287, 1037–1040.
63. Servant, G., Weiner, O.D., Neptune, E.R., Sedat, J.W., and Bourne, H.R.
(1999). Dynamics of a chemoattractant receptor in living neutrophils during
chemotaxis. Mol. Biol. Cell 10, 1163–1178.
64. Chen, Y., Corriden, R., Inoue, Y., Yip, L., Hashiguchi, N., Zinkernagel, A., Ni-
zet, V., Insel, P.A., and Junger, W.G. (2006). ATP release guides neutrophil
chemotaxis via P2Y2 and A3 receptors. Science 314, 1792–1795.
65. Dowler, S., Currie, R.A., Campbell, D.G., Deak, M., Kular, G., Downes, C.P.,
and Alessi, D.R. (2000). Identification of pleckstrin-homology-domain-
containing proteins with novel phosphoinositide-binding specificities.
Biochem. J. 351, 19–31.
66. Gray, A., Van Der Kaay, J., and Downes, C.P. (1999). The pleckstrin homol-
ogy domains of protein kinase B and GRP1 (general receptor for phosphoi-
nositides-1) are sensitive and selective probes for the cellular detection of
phosphatidylinositol 3,4-bisphosphate and/or phosphatidylinositol 3,4,5-
trisphosphate in vivo. Biochem. J. 344, 929–936.
67. Parent, C.A., Blacklock, B.J., Froehlich, W.M., Murphy, D.B., and Dev-
reotes, P.N. (1998). G protein signaling events are activated at the leading
edge of chemotactic cells. Cell 95, 81–91.
68. Ferguson, G.J., Milne, L., Kulkarni, S., Sasaki, T., Walker, S., Andrews, S.,
Crabbe, T., Finan, P., Jones, G., Jackson, S., et al. (2007). PI(3)Kgamma
has an important context-dependent role in neutrophil chemokinesis.
Nat. Cell Biol. 9, 86–91.
69. Costello, P.S., Gallagher, M., and Cantrell, D.A. (2002). Sustained and
dynamic inositol lipid metabolism inside and outside the immunological
synapse. Nat. Immunol. 3, 1082–1089.
70. Dormann, D., Weijer, G., Dowler, S., and Weijer, C.J. (2004). In vivo analysis
of 3-phosphoinositide dynamics during Dictyostelium phagocytosis and
chemotaxis. J. Cell Sci. 117, 6497–6509.
71. Onsum, M., and Rao, C.V. (2007). A mathematical model for neutrophil gra-
dient sensing and polarization. PLoS Comput. Biol. 3, e36.
72. Stephens, L., Ellson, C., and Hawkins, P. (2002). Roles of PI3Ks in leukocyte
chemotaxis and phagocytosis. Curr. Opin. Cell Biol. 14, 203–213.
73. Parent, C.A., and Devreotes, P.N. (1999). A cell’s sense of direction. Sci-
ence 284, 765–770.
74. Park, K.C., Rivero, F., Meili, R., Lee, S., Apone, F., and Firtel, R.A. (2004).
Rac regulation of chemotaxis and morphogenesis in Dictyostelium.
EMBO J. 23, 4177–4189.
75. Weiner, O.D., Neilsen, P.O., Prestwich, G.D., Kirschner, M.W., Cantley, L.C.,
and Bourne, H.R. (2002). A PtdInsP(3)- and Rho GTPase-mediated positive
feedback loop regulates neutrophil polarity. Nat. Cell Biol. 4, 509–513.
76. Niggli, V. (2000). A membrane-permeant ester of phosphatidylinositol 3,4,
5-trisphosphate (PIP(3)) is an activator of human neutrophil migration.
FEBS Lett. 473, 217–221.
77. Wong, K., Pertz, O., Hahn, K., and Bourne, H. (2006). Neutrophil polariza-
tion: spatiotemporal dynamics of RhoA activity support a self-organizing
mechanism. Proc. Natl. Acad. Sci. USA 103, 3639–3644.
78. Rubin, H., and Ravid, S. (2002). Polarization of myosin II heavy chain-pro-
tein kinase C in chemotaxing dictyostelium cells. J. Biol. Chem. 277,
36005–36008.
79. Van Keymeulen, A., Wong, K., Knight, Z.A., Govaerts, C., Hahn, K.M., Sho-
kat, K.M., and Bourne, H.R. (2006). To stabilize neutrophil polarity, PIP3 and
Cdc42 augment RhoA activity at the back as well as signals at the front. J.
Cell Biol. 174, 437–445.
80. Puri, K.D., Doggett, T.A., Huang, C.Y., Douangpanya, J., Hayflick, J.S.,
Turner, M., Penninger, J., and Diacovo, T.G. (2005). The role of endothelial
PI3Kgamma activity in neutrophil trafficking. Blood 106, 150–157.
81. Liu, L., Puri, K.D., Penninger, J.M., and Kubes, P. (2007). Leukocyte
PI3Kgamma and PI3Kdelta have temporally distinct roles for leukocyte
recruitment in vivo. Blood 110, 1191–1198.
82. Bruyninckx, W.J., Comerford, K.M., Lawrence, D.W., and Colgan, S.P.
(2001). Phosphoinositide 3-kinase modulation of beta(3)-integrin repre-
sents an endogenous ‘‘braking’’ mechanism during neutrophil transmatrix
migration. Blood 97, 3251–3258.
83. Niggli, V., and Keller, H. (1997). The phosphatidylinositol 3-kinase inhibitor
wortmannin markedly reduces chemotactic peptide-induced locomotionand increases in cytoskeletal actin in human neutrophils. Eur. J. Pharmacol.
335, 43–52.
84. Andrew, N., and Insall, R.H. (2007). Chemotaxis in shallow gradients is
mediated independently of PtdIns 3-kinase by biased choices between
random protrusions. Nat. Cell Biol. 9, 193–200.
85. Hoeller, O., and Kay, R.R. (2007). Chemotaxis in the absence of PIP3
gradients. Curr. Biol. 17, 813–817.
86. Loovers, H.M., Postma, M., Keizer-Gunnink, I., Huang, Y.E., Devreotes,
P.N., and van Haastert, P.J. (2006). Distinct roles of PI(3,4,5)P3 during che-
moattractant signaling in Dictyostelium: a quantitative in vivo analysis by
inhibition of PI3-kinase. Mol. Biol. Cell 17, 1503–1513.
87. Onsum, M.D., Wong, K., Herzmark, P., Bourne, H.R., and Arkin, A.P. (2006).
Morphology matters in immune cell chemotaxis: membrane asymmetry
affects amplification. Phys. Biol. 3, 190–199.
88. Myers, S.A., Han, J.W., Lee, Y., Firtel, R.A., and Chung, C.Y. (2005). A Dic-
tyostelium homologue of WASP is required for polarized F-actin assembly
during chemotaxis. Mol. Biol. Cell 16, 2191–2206.
89. Kunisaki, Y., Nishikimi, A., Tanaka, Y., Takii, R., Noda, M., Inayoshi, A.,
Watanabe, K., Sanematsu, F., Sasazuki, T., Sasaki, T., et al. (2006).
DOCK2 is a Rac activator that regulates motility and polarity during neutro-
phil chemotaxis. J. Cell Biol. 174, 647–652.
90. Li, Z., Hannigan, M., Mo, Z., Liu, B., Lu, W., Wu, Y., Smrcka, A.V., Wu, G.,
Li, L., Liu, M., et al. (2003). Directional sensing requires G beta gamma-
mediated PAK1 and PIX alpha-dependent activation of Cdc42. Cell 114,
215–227.
91. Oikawa, T., Yamaguchi, H., Itoh, T., Kato, M., Ijuin, T., Yamazaki, D., Suet-
sugu, S., and Takenawa, T. (2004). PtdIns(3,4,5)P3 binding is necessary
for WAVE2-induced formation of lamellipodia. Nat. Cell Biol. 6, 420–426.
92. Heit, B., Tavener, S., Raharjo, E., and Kubes, P. (2002). An intracellular sig-
naling hierarchy determines direction of migration in opposing chemotactic
gradients. J. Cell Biol. 159, 91–102.
93. Heit, B., Colarusso, P., and Kubes, P. (2005). Fundamentally different roles
for LFA-1, Mac-1 and alpha4-integrin in neutrophil chemotaxis. J. Cell Sci.
118, 5205–5220.
94. Wang, H.R., Zhang, Y., Ozdamar, B., Ogunjimi, A.A., Alexandrova, E.,
Thomsen, G.H., and Wrana, J.L. (2003). Regulation of cell polarity and pro-
trusion formation by targeting RhoA for degradation. Science 302, 1775–
1779.
95. van Haastert, P.J., Keizer-Gunnink, I., and Kortholt, A. (2007). Essential role
of PI3-kinase and phospholipase A2 in Dictyostelium discoideum chemo-
taxis. J. Cell Biol. 177, 809–816.
96. Takeda, K., Sasaki, A.T., Ha, H., Seung, H.A., and Firtel, R.A. (2007). Role of
PI3 kinases in chemotaxis in dictyostelium. J. Biol. Chem. 282, 11874–
11884.
97. Chen, L., Iijima, M., Tang, M., Landree, M.A., Huang, Y.E., Xiong, Y., Igle-
sias, P.A., and Devreotes, P.N. (2007). PLA2 and PI3K/PTEN pathways
act in parallel to mediate chemotaxis. Dev. Cell 12, 603–614.
98. Tranquillo, R.T., Lauffenburger, D.A., and Zigmond, S.H. (1988). A stochas-
tic model for leukocyte random motility and chemotaxis based on receptor
binding fluctuations. J. Cell Biol. 106, 303–309.
99. Arrieumerlou, C., and Meyer, T. (2005). A local coupling model and com-
pass parameter for eukaryotic chemotaxis. Dev. Cell 8, 215–227.
100. Jeon, T.J., Lee, D.J., Merlot, S., Weeks, G., and Firtel, R.A. (2007). Rap1 con-
trols cell adhesion and cell motility through the regulation of myosin II.
J. Cell Biol. 176, 1021–1033.
